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Abstract 

We calculate one-loop contributions to the Kahler potential in 4D effective theory 
of 5D gauged supergravity (SUGRA) on S 1 /Z2 with a generic form of the prepotential 
and arbitrary boundary terms. Our result is applicable to a wide class of 5D SUGRA 
models. The derivation is systematically performed by means of an N = 1 superfield 
formalism based on the superconformal formulation of 5D SUGRA. As an illustrative 
example, we provide an explicit expression of the Kahler potential in the case of 5D 
flat spacetime. 
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1 Introduction 



Higher- dimensional supergravities (SUGRA) have been attracted much attention and ex- 
tensively studied in various aspects, such as the model building in the context of the 
brane-world scenario, effective theories of the superstring theory or M-theory, AdS/CFT 
correspondence, etc. Among them, five-dimensional (5D) SUGRA compactified on an 
orbifold S 1 /Z 2 has been thoroughly investigated since it is the simplest setup for super- 
symmetric (SUSY) brane-world models, and it is shown to appear as an effective theory 
of the strongly coupled heterotic string theory [1] compactified on a Calabi-Yau 3-fold [2]. 
Besides, SUSY extensions of the Randall-Sundrum model [Sj are also constructed in 5D 
SUGRA on S 1 /Z 2 01 EE]- 

Models with an extra dimension can easily realize the large hierarchy between the 
electroweak and the Planck scales or among the fermion masses in the standard model. 
The former is obtained by the warped geometry along the extra dimension [3] , and the latter 
is by the wave function localization of matter fields in the extra dimension [7J [8]. In both 
mechanisms, some mass scales have to be introduced in the 5D bulk. The warped geometry 
is induced by the 5D cosmological constant, and the wave function profiles are controlled by 
5D masses of the matters. In SUGRA context, these mass scales are introduced by gauging 
some isometries with some 5D vector multiplets. Namely, we have to consider the gauged 
SUGRA. When the extra dimension is compactified on S 1 /Z2, the four- dimensional (4D) 
vector components in such vector multiplets must be Z2-odd. Every 5D SUGRA model 
has this type of vector field, i.e., the graviphoton Therefore, most models based on 5D 
gauged SUGRA assume that the vector multiplet that gauges the isometries to induce the 
mass scales is the graviphoton multiplet. However this is not the only possibilities. There 
can be other vector multiplets whose 4D vector components are ^-odd. The 5D mass 
scales can also be obtained by gauging with these multiplets. Such 5D vector multiplets 
contain Z2-even real scalar fields. These scalar fields have 4D zero-modes, and do not 
have any potential terms at least at tree level. Thus we refer to them as moduli in this 
paper |^| In fact, one linear combination of these moduli corresponds to the size modulus of 
the fifth dimension, i.e., the radion, which belongs to the same 5D supermultiplet as the 
graviphoton. 



1 In this paper, the terminology "graviphoton" denotes a vector field in the gravitational multiplet of 
the on-shell formulation. It should be distinguished from the off-diagonal components of the 5D metric. 

2 These moduli are actually identified with the shape moduli of the compactified space for a 5D effective 
theory of the heterotic M-theory on the Calabi-Yau manifold [2], for example. 
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In the case that a model has more than one moduli, they generically mix with each 
other. Such mixing is characterized by a cubic polynomial, which is referred to as the norm 
function in this paper. This corresponds to the prepotential in 4D N = 2 SUSY gauge 
theories. As mentioned above, most models based on 5D SUGRA implicitly assumed a 
special form of the norm function such that the radion does not mix with the other moduli. 
In our previous works [9], [10], we derived 4D effective theory of 5D SUGRA with more than 
one moduli at tree level, and found that some terms appear in the Kahler potential, which 
do not exist in the single modulus case. We also showed those terms can significantly affect 
the flavor structure of the effective theory when the fermion mass hierarchy is realized by 
the wave function localization, and pointed out a possibility that the SUSY flavor problem 
is avoided. This indicates an importance of considering arbitrary form of the norm function 
with multi moduli when we construct a realistic model based on 5D SUGRA. 

For a construction of realistic 5D SUGRA models, mediation of SUSY-breaking effects 
to our observable sector and stabilization of the radion to some finite value are indispensable 
issues. In some of the mechanisms for them, one-loop quantum corrections to the Kahler 
potential in 4D effective theory are relevant. For example, SUSY breaking at one of 
the boundaries of S 1 /Z2 can be transmitted to the other boundary where we live by the 
quantum loop effects of the bulk fields [11]- [13], and the radion can be stabilized by the 
vacuum energy through the Casimir effect [I5]-[2T]. The soft SUSY-breaking parameters 
and the radion mass are induced from the one-loop Kahler potential after taking into 
account the SUSY-breaking effects. These contributions are finite in spite of the non- 
renormalizability of 5D SUGRA. This is because each relevant loop diagram must touch 
both boundaries and cannot shrink to a point. Thus the inverse of the size of the extra 
dimension provides an effective cutoff in the momentum integral. 

The one-loop corrections to the effective Kahler potential in the context of 5D SUGRA 
have already been discussed in Refs. [131 1221 1231 123] . However these works assume that 
the graviphoton multiplet (or the radion multiplet) is the only moduli multiplet which is 
relevant to the gauging of the isometries to induce the 5D mass scales. As mentioned above, 
this is only a special case among generic 5D SUGRA. Thus we extend the above works to 
more general class of theories in this paper. We calculate the one-loop Kahler potential 
for 5D SUGRA on S 1 /Z 2 with an arbitrary form of the norm function. Our derivation 
is performed in an N = 1 superfield formalism based on the superconformal formulation 
of 5D SUGRA [25]- [2B], which is developed in our previous works [221 ED]- This makes it 
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possible to deal with general 5D SUGRA in a systematic and transparent manner. Thus 
the result is applicable to a wide class of models based on 5D SUGRA. 

The paper is organized as follows. In the next section, we briefly review our previous 
works, which provide an N = 1 superfield description of 5D SUGRA on S 1 /Z 2 with an 
arbitrary prepotential. In Sec. [3j we derive an expression of one-loop contributions to the 
4D effective Kahler potential by means of the background field method and the superfield 
formalism. In Sec. HJ we apply the formula obtained in Sec. |3]in the case that 5D spacetime 
is flat as an illustrative example. Sec. |5] is devoted to the summary. In Appendix 
we list the 5D superconformal transformation laws in terms of the N = 1 superfields. 
In Appendix (Bj we collect the definitions of useful projection operators in the N = 1 
superspace and their properties. In Appendix O, we review the derivation of the effective 
Kahler potential at tree level. We show some detailed calculations to pick up quadratic 
terms for the bulk fluctuation superfields in Appendix [12, and to derive the boundary 
conditions for them in Appendix [El In Appendix (Fj we provide an explicit expression 
of the one-loop Lagrangian in a simple case in terms of the bosonic components of the 
superfields. 



2 Superfield description of 5D SUGRA 

In this paper, we consider 5D SUGRA compactified on an orbifold S 1 /Z 2 . We take the 
fundamental region of S 1 /Z 2 as < y < L, where y is the coordinate of the extra dimension. 
The most general metric for the background spacetime that has the 4D Poincare symmetry 
has a form of 

ds 2 = e^rj^dx^dx" - (e y 4 ) 2 dy\ (2.1) 

where r/^ = diag(l, —1, —1, —1), e a<yV ^ is the warp factor, which is determined by solving 5D 
Einstein equation, and {e y 4 } is the background value of the component of the funfbein e y 4 f| 
Notice that we can always absorb the warp factor in (12. ip by making use of the dilatation 
symmetry. In fact, the warp factor does not appear explicitly in our calculations since our 
formalism keeps the superconformal symmetries manifest. The information of the warped 
geometry is encoded in the gauging for the compensator hypermultiplets 



3 We can always choose the coordinate y so that (e y 4 ) = 1, but we leave it to be an arbitrary positive 
value in this paper. 
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In this section, we review our previous works [29| 130] that complete an iV = 1 superfield 
description of 5D SUGRA on S 1 /Z 2 (see also Refs. [32]-[35]). Our superfield description is 
based on the superconformal formulation developed in Refs. [25]-[28], and is considered as 
an extension of Ref. [36J to a generic system of vector multiplets and hypermultiplets. 



2.1 Decomposition into N = 1 superfields 

The 5D superconformal transformations are divided into two parts 5$ and 5sc , where 
5^ forms an N = 1 subalgebra, and 5^ is the rest part. As shown in Ref. [28], each 
5D superconformal multiplet can be decomposed into N = 1 superconformal multiplets, 
which only respect 5^ manifestly. We have explicitly shown in Ref. [37] how each N = 1 
superconformal multiplet is expressed by an N = 1 superfield with the aid of the fields in 
the gravitational multip 
multiplets in this paper 



et. We will consider the following three types of 5D superconformal 

3 



Hypermultiplet 

A hypermultiplet HP (a = 1, 2, • • • , n c + n H ) is decomposed into two chiral super- 
fields ($ 2a_1 ,$ 2a ), which have opposite ^-parities. We can always label the chiral 
superfields so that they have the Z 2 -parities listed in Table [fl The hypermultiplets 
are divided into two classes. One is the compensator multiplets a = 1, 2, • • • , ric and 
the other is the physical matter multiplets a = nc + 1, • • • , nc + njj. The former 
is auxiliary degrees of freedom and eliminated by the superconformal gauge fixing!^ 
The Weyl and the chiral weights of the superfields are also listed in Table [T]l 

Vector multiplet 

A vector multiplet Y 1 (I = 1, 2, • • • , %) is decomposed into N = 1 vector and chiral 
superfields (V 7 ,£ 7 ), which have opposite ^-parities. The vector multiplets are also 
divided into two classes according to their Z 2 -parities. One is a class of the gauge 
multiplets, which are denoted as V /o (I e = 1, • • • , ny e ). In this class, V Ic are Z 2 -even 
and have zero-modes that are identified with the gauge superfields in 4D effective 
theory. The other is a class of the moduli multiplets, which are denoted as V /o 



4 We do not consider the tensor multiplets, which are discussed in Ref. [38] [39] , for simplicity. 

5 The number of the compensator multiplets uq characterizes the hyperscalar manifold. For example, 
it is USp(2,2n H )/USp(2) x USp(2n H ) for n c = 1, and SU(2,n H )/SU(2) x SU(n H ) for n c = 2. 

6 The Weyl and the chiral weights are the charges of the dilatation and of U (1)a C SU(2)u, respectively. 
These weights of a superfield denote those of the lowest component in the superfield. 
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5D multiplet 


Hypermultiplet 


Vector multiplet 


Weyl multiplet 


N = 1 superfield 


$2a-l 




ylo 




yie 








V E 




Z 2 -parity 




+ 




+ 


+ 




+ 




+ 




Weyl weight 


3/2 


3/2 


















-1 




Chiral weight 


3/2 


3/2 
























Table I: The decomposition of 5D superconformal multiplets into N = 1 superfields. The 
orbifold ^-parities, the Weyl and the chiral weights of the N — 1 superfields are also 
shown. 



(J = 1, • ■ ■ ,ny )- In this class, V l ° are Z 2 -odd and have no zero-modes. Instead, 
the chiral multiplets S /o have zero-modes T l ° whose scalar components do not have 
any potential terms at tree level. Thus we refer to T /o as the moduli superfields in 
this paper. At least one vector multiplet belongs to the latter class. In the single 
modulus case [ny o = 1), the vector component of such a multiplet is identified with 
the graviphoton. 



Weyl multiplet (Gravitational multiplet) 

The 5D Weyl multiplet K w is also decomposed into six real superfields (/i = 
0, 1, 2, 3), U y and V#Jj and a complex spinor superfield which include components 
of the fiinfbein, e„-, e^ 4 , e y 4 , and e y E , respectively. Here, e - = e - — 5^ is the 
fluctuation mode around the background (e -) = 5^. Since the Weyl multiplet is 
the gauge multiplet for 5D superconformal symmetry, these superfields transform 
nonlinearly under 5^ and 5$ as shown in Appendix [A] Hence we cannot assign the 
Weyl and the chiral weights for them, except for Ve- In fact, Ve transforms under 
S^z in a similar way to the vector superfields V 1 because its components do not have 
4D Lorentz indices. 



2.2 5D SUGRA Lagrangian 

5D SUGRA action is determined by 5D superconformal transformations 8sl\ Sic* and the 
supergauge transformation 5 sg [30] . In the following, we keep terms up to linear order in the 

7 The superfield U y is related to U 4 in Ref. [30] by U v = U 4 / (Ve), where (Ve) is the background value 
of Ve and was assumed to be 1 in Ref. [50] . 
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gravitational superfields for each interaction terms. Basically we use the two-component 
spinor notations of Ref. [ID], except for the metric and the spinor derivatives. We take 
the convention of the 4D metric as r]^ u = diag(l, —1, —1, —1) so as to match it to that of 
Ref. jH], and define the spinor derivatives D a and as 

D ° = 5 /» D ^~W + t {6a " ] « (2 ' 2) 

which satisfy {D a , D&} = 2ia^ & d^. The spinor derivatives are understood as the left- 
derivatives. It is convenient to define the following differential operators. 

A / 1 _ 1 — — 111 — t- 77 — 

d y = d y - -D 2 V a D a + -D^ a D„D a + -^—D 2 D a V a + h.c. 
\4 2 24 

A, = iof (yD a Da - D$D5) , (2.3) 

where if and n are the Weyl and the chiral weights of a superfield which d y acts on, and 
(w + n) ' = w — n. The spinor derivatives and are defined by the right-derivatives. 
Then A^ satisfies the Leibniz rule on a product of bosonic superfields. On (anti-)chiral 
superfields, A M = —id^ (A /t = id^). It should be noted that , for a chiral superfield $, d y Q 
is not a chiral superfield in a superconformal sense because its (^-transformation law is no 
longer that of a chiral superfield [30]. Instead, d y $ transforms as a chiral superfield under 
8&?. Thus d y is understood as a covariant derivative for 5ilK Similarly, D a and do not 
preserve the <5^c -transformation law of the N = 1 superfields, either. For them, however, 
there are no corresponding covariant derivatives for 5sc • 

In the d 4 8- integral, which corresponds to the D-term formula in Ref. [4T], a chiral 
superfield $ must appear through the combination of 

= (1 + it/ M <9 M + iC/*9 y ) $. (2.4) 

The first two terms correspond to an embedding of a chiral multiplet into a general mul- 
tiplet in 4D superconformal formulation [4T], and the third term is necessary for the Ss C - 
invariance of the action. 

5D SUGRA is characterized by a cubic polynomial for the vector multiplets, which is 
referred to as the norm function in Refs. [25j-[28j, 

AA(E) = C JJK S'E¥, (2.5) 
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where a real constant tensor Cjjk is completely symmetric for the indices. This corresponds 
to the prepotential of iV = 2 SUSY gauge theories. For Cuk, there is a set of normalized 
anti-hermitian matrices {£/}, which satisfies [25] 

i(? 

C I jK = -rti(t I {tj,t K }). (2.6) 
o 

where tr(ijij) = — hSjj, and a real constant c can take different values for each simple or 
Abelian group. Some of the gauge symmetries are broken by the orbifold projection, and 
ti o and £j e are the broken and the unbroken generators, respectively. 
The supergauge transformation is expressed as 

e V e U(A) e V e U(A)^ s ^ e A ^ _ e - Aj 
$odd^ (e- A ) $ odd) ^cvcn even • 

(2.7) 

where the transformation parameter A is a chiral superfield, and $ dd and $ ev en are (nc + 
n#)-dimensional column vectors that consist of $ 2a_1 and $ 2a , respectively. We have used 
a matrix notation (V, E) = 2ig(V I , S 7 )t/. The gauge coupling g can take different values 
for each simple or Abelian factor of the gauge group. The gauge-invariant field strength 
superfields are defined aqf 

W a = \& \e Y D a e~ v - latoDJFDfi (e v D,e~ v ) 

+iD a U»e v d ll e- v - lU^d^ (e v ' D a e~ v ) } , 
V = e v d y e~ v + W(E) + e v W(£)V y 

+id y U y (E - e v S t e" y ) - ^y^- (Z} Q [/ s >V a - Ai^e^W^V 1 ') , (2.8) 

where 

d y = d y - - A D 2 ^ a D a - jD 2 V & D & - % -a^ (D^ a + D a V & ) «9 M 

+ jfytf" + - L> a * d ) | A M . (2.9) 

They transform under (12. 7ft as 

W Q ^e A W Q e- A , V^e w(A) Ve-" (A) . (2.10) 

We can check that these field strength superfields follow the correct 8$ -transformation 
laws. The Weyl weights of W a and V are 3/2 and 0, respectively. 

o V V 

s Note that V is not hermitian, but e~^Ve^ is. 
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Matter Lagrangian 

The 5D SUGRA Lagrangian is expressed as 



(2v E n h + Vz 2 n v ) 



+ 



fd 2 9 (W h + W v ) +h.c] +2 J2 4d ] %-^), (2.H) 

J _ f\ J 



y*=o,L 



where denotes kinetic terms for the Weyl multiplet, (y* = 0, L) are the 

boundary localized Lagrangians at y — y*, and 

Q h = W($ odd )trf(e y )*W($ odd ) +W($ evcI1 )trfe- y W($ even ), 
d = diag(l„ c , -1„J, 

n v - mv) = ~tr (V 3 ) , 

w h = & odd d [b y - e) $ cvcn - $* ven J (4 + if) $ odd , 

.3 



c 



16# 3 



rtr 



+ 



(2.12) 



Here, W v represents the supersymmetric Chern-Simons termsj^l and a part of it pro- 
vides the kinetic term for the vector superfield V after the superconformal gauge 
fixing. The ellipsis in W v denotes terms that vanish in the Wess-Zumino gauge. W, 
is a quadratic part of W a in V, and 



(2) 



Z a = {X, d y D a X} E — {d y X, D a X}j 



(2.13) 



where X = (1 + U"A U ) V - iU y (Y - e v T)e 



1 



and 



{x, y a } E = {x, [y a } E } - -of (U* {DpDpX, y a } + D a u» {D^x, y p }) 

[d y D a X] E = DjyX - hfU»D a DpD p d y X 
[D a X] E = D a X - ~afU»D a DpD $ X. 



(2.14) 



Kinetic terms for IE-w- 
in contrast to the matter sector, is quadratic in the gravitational superfields. 



The counterpart in the global 5D SUSY theory is shown in Refs. 
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It should be identified from the invariance of the action up to linear order in the 
gravitational superfields. This requires an extension of the 5D superconformal trans- 
formations (lA.ip and ( 1A.2j) by including linear terms in the gravitational superfields. 
For the purpose of this paper, we only need terms in £^ that are independent of 
the quantum fluctuation of the matter superfields. Hence, we can treat the matter 
superfields in the corrections to flA.lj) and flA.2j) as the background values. The cor- 
rected transformations involving f/ M are listed in ( 1A.5|) in Appendix |A] By requiring 
the invariance of the action under the corrected transformations, we find 



kin 



d A e 



2V E n h + v^n, 



E 2 + 



v^n h - 4vr 4 ^ v 



where the symbol 



3 / \ 3 

•) denotes the background value, and 



(2.15) 



E 2 = -\u^D a D 2 D a U» + hA^un 2 - (d,Un 2 , 

o o 

C ee d y U" + (5°f a - D a ^) + (V E ) 2 d»U y . 



(2.16) 



In addition to the above terms, the following term is expected to appear in the 5D 
Lagrangian. 

£add = - (^) D^ a Dj> & . (2.17) 



V l 

This term is necessary to obtain the correct kinetic terms for the vector super- 
fields (I3.15p . In order to justify the existence of this term, we need to modify 5sl 
and 5^ further by including \l/ Q -dependent terms in the right-hand sides of (I A . 1 j) 
and (IA.2[) . Here we leave this task for future works, and just assume (I2.17p . 



Boundary localized terms 

We can introduce terms localized on the 4D boundaries of S 1 jZ-i- The boundary 
actions are described by the action formulae of 4D superconformal formulation 
and expressed in terms of the superfields as 



C 



(2/*) 
bd 



d A e 



+ 



J(fiW)B 2 + 2(l + M^n<-> 



1 



'bd 



where 



n 



(2/*) 
bd 



(2.18) 



(2.19) 
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Chiral superfields <f>c and \ a i a = 1> 2, • • • ) are the 4D compensator and the physical 
matter superfields, and V^ D are 4D vector superfields. A real function is the 

Kahler potential, and holomorphic functions p( y *> and f^* 1 are the superpotential 
and the gauge kinetic functions, respectively. Note that U(<f>) = (1 + iU^d^) <p in the 
above Lagrangian since U y is Z2-odd and vanishes on the boundaries. In general, x a 
and can be either boundary values of the Z 2 -even bulk superfields or additional 
4D superfields localized on the boundaries. In contrast to the 5D bulk action, we 
have only one compensator chiral multiplet. Thus, one combination of Z 2 -even 5D 
compensators $ 2a (a = 1, • • • , no) plays its rolej 1 ^ 

In the case of nc = 1, $ 2 is the only Z 2 -even compensator superfield. Hence, the 4D 
chiral compensator superfield <pc in £-bd (v* = 0; L) * s identified as 



>c 



($ 2 ) 2/3 , (2.20) 



v=v* 



because 4>c must have w = n = 1. The bulk physical matter superfields can appear 



in £ b j in the forms of 



(y*) ;. 

Li tuc lUllllO ui 



x a 



$2 



,V 4D = V\ y=yt , (2.21) 

!/=]/* 

because the physical matter superfields must have zero Weyl (chiral) weight in the 
4D superconformal formulation [4"Tj . 

In the case of rtc = 2, there are two Z 2 -even compensator superfields $ 2 and $ 4 . In 
this case, we have to eliminate one combination of the 5D compensator multiplets. 
In Ref. [27], this is done by introducing a nondynamical (auxiliary) Abelian vector 
multiplet Yt = (Vr, S T ), and gauging a U(l) subgroup of the isometries, which is 
referred to as U(1)t, by it. The U(1)t charges Qt are chosen as Qt($ 1 ) = Qt($ 4 ) = 
Q T ($ 2a + 4 ) = +1 and Q T ($2) = Q T ($3) = g T ($2a+3) = _i ( a > i). Since the 4D 

superfields must be neutral for U(1)t, they are identified as 



b c = ($ 2 $ 4 ) 1/3 



' A tf»4 



(2.22) 



10 Since the gravity is unique in the whole system, the boundary compensator multiplets must be the 
boundary values of the bulk compensator multiplets. 
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As pointed out in Ref. [44], Ve does not have a kinetic term and can be integrated out. 
From (12. lip . Ve is expressed as 

u^ /3 



v '=\sZ) ■ (223) 

After integrating it out, the 5D Lagrangian becomes 

C = Jd A 9 [(q}J^) e 2 - (fi; 1/3 ^ /3 ) (C% + D & V*DA) 

-3(i+^)^yx /3 } 

+ [d 2 9 (W h + W v ) +h.c. +2 C^Sty-V.)- (2.24) 
- J y*=o,L 

In our previous paper [30], we implicitly assumed that (Q v ) = (f2 h ) = 1 (in the unit of the 
5D Planck mass), but we need their explicit dependences on the background superfields of 
the matters for the derivation of the one-loop effective Kahler potential. 

In order to obtain the Poincare SUGRA, we have to impose the superconformal gauge- 
fixing conditions to eliminate the extra symmetries. For example, the dilatation symmetry 
will be fixed by the condition, fi v | = £\|o = 1 in the 5D Planck unitjlj where the symbol |o 
denotes the lowest component of the superfield. However, these gauge-fixing conditions are 
incompatible with the N = 1 off-shell structure. Thus we will add the gauge-fixing terms 
in the calculations in Sec. EJ instead of imposing such conditions. 

3 One-loop effective Kahler potential 

In our previous works [9], [XQ1 HH], we derived the 4D effective action at tree level. We 
provide a brief review of the derivation in Appendix In this section, we calculate the 
one-loop contributions to the effective Kahler potential. 

3.1 Background field method 

We calculate the one-loop effective Kahler potential by using the background field 
method [46] o First we split each superfield into the background and the fluctuation parts. 



11 This condition must be consistent with the orbifold projection, which indicates that Ci j k q — 
Ci c j q k c = 0. 

12 The first calculation of the one-loop effective Kahler potential by means of the N = 1 superfield 
technique was provided in Ref. [47] . 
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Since we are interested in the effective theory for the zero-modes of the matter superfields, 
we only consider the background values of the Z 2 -even matter superfields $ eve n, V Ic , and 
X /o . We move to a gauge where (S 7 ) are zero by the supergauge transformation for the 
background superfields. This is accomplished by choosing the transformation parameter 
as ( 1C.3I) (or ( ID. 7}) in the Abelian case). Then (V Ia ) become discontinuous at y = L. In 
fact, in the case that the gauge group is Abelian, their boundary conditions are 

lim(1/ /o ) = 0, lim(1/ /o ) = -T /o - f Io , 

y^O y^L 

(^°>U= ^ /o >U = °> ( 3J ) 

where the limits are taken from the bulk region < y < L, and 



T Ia = I dy (£ /o ). (3.2) 
Jo 



We refer to the chiral superfields T Ia as the moduli superfields in this paper. In order to 
take them into account, we also keep the background values of V Ia in addition to those of 
the Z2-even matter superfields. Thus, each matter superfield is split as 

$odd = $odd, $cvcn = $ + $even, 

V = V + V, £ = £, (3.3) 

where $ and V are the background values and the quantities with tilde denote the fluc- 
tuation parts. We neglect derivative terms in the effective Kahler potential, and thus we 
treat $ and V as functions of only y in the following calculations. The gravitational su- 
perfields f/ M , U y , and ^ a are considered as the fluctuation modes. (Ve has already been 
integrated out.) As we have pointed out in Ref. [3D], U y can be gauged away by 5sc given 
in ( 1A.2|) in Appendix |A] So we take the gauge where U y = in the followingJif 

We expand the 5D Lagrangian ( 12.241) and pick up quadratic terms in the fluctuation 
superfields. 

C = ^ fd A 9 F^O F F + --- , (3.4) 

F J 

where F runs over the fluctuation superfields, and Op are differential operators that depend 
on $ and V. Then the one-loop contribution to the effective action A 110013 ^ is calculated 

as 



13 In this gauge, we do not need to consider contributions from the ghost for 5j$ because it is decoupled 
from the background superfields $ and V . 
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where str is the supertrace over the functional space on the 16-dimensional graded vector 
space built from all combinations of 9 and 9, and Tr is the trace over the remaining space 
including the functional space of y. Here we denote an integrand of the <i 4 #-integral for str 
as Istr [H]. Namely, it follows that 

strlnC F = jd A 9lstr\nO F . (3.6) 
Then the one-loop contribution to the Kahler potential f2 c fj = — 3e~ KcB / 3 is expressed as 

^elT = 2(4)4 E / d "P Tr ( Istr ln °r) ■ ( 3 - 7 ) 

Since Q^s ° P * s a function of the background superfields whose dependences on and 9 (9) 
are now neglected, Istr is calculated by 

IstrlnC F = [lnO F (9 2 9 2 )} 9=§=0 . (3.8) 

Its values for various operators are collected in ( IB. 10[) . 

3.2 Quadratic terms for fluctuation modes 

Here we pick up the quadratic terms in the fluctuation superfields, and find explicit forms 
of Op in (13 .4p . Detailed calculations are shown in Appendix ITJl 

3.2.1 Bulk sector 

Using the superspin projectors defined by (IB.4I) in Appendix (Bj is decomposed as [221 
SUED] 

s s 

where s = 0, 1/2, 1, 3/2. We choose the gauge-fixing term for the superconformal symme- 
try 8sl as 

r U/^T) 
= d 4 9 ^_ , -U ll U 4 Sl%(U)U v , (3.10) 

J Ssc 

where £ sc is the gauge-fixing parameter, D 4 = d^d^, and 

Wrf l^scj — '/ -1^3/2 LL \ 



3/2 3 Xi > 

-2£ sc )n 4 ( 

£sc / 2^ 



2Ua 



+ g-r|^ n 0^) ^ (Vy + Vh) • (3.11) 
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Here, T, $c, V v and Vh are defined asc 

V, . -§«W', Vi S |»tT,K', T^^j^i-v., (3.12) 

where A/j = dM /dV 1 . Then the cross terms between L^, and the other superfields are 
canceled, and we obtain 

c + £* c f = Jtfo {-ug /2 o 3/2 u 3/2li + u^oou,] + o{u) 

+ |^ J Ml{{V))V I U A P T V J + • • • , (3.13) 
where Pt is a projection operator defined in ( IB. 21) . and 

u» = xjh _ = (rc + n^ 2 + nf ) u v , 
o 3/2 = (c#X /3 ) (n 4 + zv) , = (^l /3 ^T) (J-n* + Vu^j , 

dy((^ 1/3 ni /3 )d v ) 
Vu = — / 1/3 2/3 \ • ( 3 - 14 ) 

The last term in (I3.13P is combined with the quadratic terms in the vector sector shown 
in (ID.lj) . and provides the kinetic terms for V 1 , 



= Jd A 6 (Sly) a u V 'D^PtV- 1 , (3.15) 

where 

The arguments of the norm function and its derivatives are understood as (V 1 ) in this and 
the next subsections. These kinetic terms are consistent with those in Ref. [25J. 

In the following, we consider a case that the gauge group is Abelian for simplicity. We 
choose the gauge-fixing term for the supergauge symmetry 5 sg as 

J Ssg 
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T and Vf correspond to the 5D radion and the graviphoton superfields, respectively. 
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where £ sg is the gauge-fixing parameter, Pc is the chiral projection operator defined in 
( |R2| . and 



•7 _ f -/ ssg Q 



V =v + 



(H. + H,). 



(3.18] 



The definition of E/ is given in (ID.llj) . Then the cross terms between V and the chiral 
superfields are canceled. 

As a result, the quadratic terms for the fluctuation superfields in the 5D Lagrangian 
are summarized as 



[IV 

3/2 



£ qU ad = Jd 4 9 U, {-O a/2 IL% 2 + o (jr - n 
+ Jd 4 9 V 1 {(Ot)ijPt + (O c )ijPc}V 



K W 



(3.19) 



where ip = (t 1 , $ cvcn , $ dd)*, and 

(0 T )« = (fi v ) fl/K {^04 + Wj} + 0(C S g), 
(O c ) 7J = (0,) a/if + Wj} + e>(£ sg ), 

(XV)'^-^{(^>((a.7V)^ + ^Tl 



a 



2/3 



3A/" 



+ 



w 



I o 





V 






v)u 
_aOt 





A/"/ •Y't 

mde- v + jTTt 




(n h > 








\ 



7 



— do*,, 



(3.20) 



dd y / 
Here £f = 2igtj are hermitian generators, and 



(3.21) 



J 3Af ' 

is a projection operator [25], which has a property, 

= {VvYjiy') = o, ^ = w (3>22) 

The definitions of T and Tj are given in (13.121) . For the purpose of calculating the one-loop 
Kahler potential, it is convenient to choose the gauge- fixing parameters as £ sc = £ sg = 0. 
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3.2.2 Boundary sector 



From (I2.18p . the quadratic terms for the fluctuation superfields in the boundary La- 
grangians are found to be 



C 



(».) 

boundary 



Ay*) , r>Bc(y*) , r sg{y t ) 



ld 4 e 
id A e 



Csg 



+ 



\<t>c? h^r? + Ucht^cr + h.c.) + h<»-)\4 c \ 



+0 (cir^cii ) + ■■ 



(3.23) 



where </> c (0c) and \ a (x a ) are the background (fluctuation) parts of the compensator 
and the physical chiral superfields (f>c and x a i an d = —3exp(—K^/3), ha = 
dh( y *^/dx a , hj = dh,( y * •* /dV Ic , whose arguments are (x, V). We have chosen the 
boundary gauge-fixing terms for the superconformal and the gauge symmetries as 



C 



sc(j/„) 



d 4 



c 



(v.) 



-^□ 4 n^(Csc)^, 



c/ u = u u + 



3^a 



(2/*) 



Ay*) 



^crf 



sg(y») 



2D 4 



(3 - 2Cs ( r ) )D 4 



7i I fc(v.)' 



<9„ I t^tX + h.c. 



2(t ] 



<f>C 

(y*) 



V 



Csg 
nAv*) 



<y*) 



V£nkP c V£ 



2D, 



+ h.c. 



(3.24) 



where F IcJa is an inverse matrix of Re fj j (%). In the following, we will choose the gauge- 



fixing parameters as Csc*"* = Csg* 



0. 



In the case that <pc and x a are the boundary values of the bulk superfields, the rela- 
tions (I2.20p and ( 12.21)) (or (I2.22p ) in C h ^ must be modified for the background superfields 
because we have performed the discontinuous gauge transformation at y = L. (See (1C.16|) .) 
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In the case of nc = 1, for example, the relations are modified as 

n2/a „, a _ {exp (TM /o ) 



C = e-afcxo^ ($i) 



(3.25) 

y=L 



where ki a and ij are defined in (1C.18j) . 



The above boundary-localized terms affect the boundary conditions for the fluctuation 
modes of the bulk superfields, which are no longer determined only by the orbifold parities. 
We derive them in Appendix [El 

3.3 Integration of fluctuation modes 

In this subsection, we perform the integration of the fluctuation modes, and obtain formal 
expressions of the one- loop contributions to ^g° p . 

3.3.1 Contribution from gravitational superfields 

The contribution from the gravitational superfields is 

= 2(^)4 j d 'P Tr {istrlnOa - Istrln Q- (^ /3 ^ /3 ) } , (3.26) 

where 

op = -o 3/2 u^ 2 + o D (rr - n^ 2 ) . (3.27) 

The second term in (I3.26P is a contribution from the ghost for Sic ■ (See the gauge-fixing 
term ( 13.101) .) Since 

In Ou = n^ 2 ln(-0 3/2 ) + (rT - n^ 2 ) In O , (3.28) 

it follows that 

Tr jlstrlnOc; - Istrln Q- (ttl /3 tt 2 h /3 ^ U^j j 

= Istrn 3 / 2 Trln(-03/ 2 ) + Istrfa - U 3/2 )Ti\nO - Istrn gf Trln ^^ /3 ^ /3 )) 

= ^-Trln0 3/2 - ||Trln ((^f)) + ■ ■ ■ , (3.29) 

where the ellipsis denotes terms independent of the background superfields. Thus, when 
£ sc = 0, Q]{ s is calculated as 

OSr = fa ^Trln0 3/2 ( P 2 ) + ■ ■ ■ 

= ~ / 0? W ln Det03 / 2( -^ } + ' ' ' ' (3 - 30) 
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where p 1 ^ = (p 1 , p 2 , p 3 , —ip°) is the Wick-rotated Euclidean momentum, and Det is the 
functional determinant, which is expressed as 

(Det Oy 2 y 1/2 = J VFjj exp j- jf i^O^ J . (3.31) 
The integral variable is a function of y, and can be expanded as 

My) = Y,f^y^u)4 k \ (3.32) 

k 

where fu(y, ^u) is an eigenfunction of T>u defined in ( 13. 141) with an eigenvalue fifj, i.e., 

T>ufu(y; fJ>u) = Vufu(y, Hu)- (3.33) 

This has a form of the Sturm-Liouville equation. Thus the eigenfunctions satisfy the 
orthonormal condition, 



dy (n^Oj/ 8 ) fu(y, i$)fu(v\ V>u) = (3-34) 
Then, (I3.3ip is rewritten as 

(Det C 3/2 ) - 1 ' 2 = / IT M#> exp { - £ i#> (p| + „<f ) f*> 

it 

up to an irrelevant normalization constant. Therefore, fl3.30j) becomes 

v f d D p E 2 ^ / 2 ( fc ) 2 



W p| ; 

-E^ 2 + "--, (3-36) 



21(1 — \ " \k)D-2 



(47T)f (f-1) 

where T(z) is the gamma function. We have used the dimensional reduction [51] to regu- 
larize the divergent momentum integral^ 



15 Since our formalism respects the superconformal symmetry, a momentum cutoff should not be intro- 
duced in contrast to Ref. 1521. 
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3.3.2 Contribution from vector superfields 

The contribution from the vector superfields is 

Q * s= 2(ky /^Tr{IstrlnO y -Istrln((fi v )aP c )}, (3.37) 

where a is the matrix defined in (I3.16p . and 

O v = O t P t + O c P c . (3.38) 

The second term in (I3.37P is a contribution from the ghost for 5 sg . (See the gauge-fixing 
term (13.171) .) Since 

\nO v = P T \nO T + P c lnO c , (3.39) 

it follows that 

Tr {Istr In O v - Istr In ( (fi v ) aP c ) } 
= (IstrP T )TrlnO T + (IstrP c )Tr In O c - (IstrP c )Tr ((Sly) a) 
= ^-Tr {In O t - In O c + In ( (fi v ) a) } . (3.40) 

When ^ sg -> 0, 

In O c ->• In ( ^aD 4 j = In {(Q v ) a) + ■ ■ ■ , (3.41) 

V Ssg / 

where the ellipsis denotes terms independent of the background superfields. Therefore, Q^ s 
is calculated as 



<VPL L lnDetO r (-p|) + -- - . (3.42) 



(2vr) 4 Vl 

Similarly to the derivation of f)3.36p . this can be rewritten as 



T(l - f; (k)D-2 



(4vr)-(f-l) , 
where fiy^ 2 are eigenvalues of TV defined in (13.201) . i.e., 

(DvYjtiiy- n v ) = fi 2 v ti(y; Hv), (3.44) 
and the eigenfunctions satisfy the orthonormal condition, 

L 

dy (Sly) aufyiy; ^f^y; f$) = S kl . (3.45) 
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3.3.3 Contribution from chiral superfields 

The contribution from the chiral superfields is 



°S = 2(^1 yATrlstr(Plnah), (3.46) 
where 

The chiral projection operators P± are defined in (IB . 1 [) . In (13.461) . P is necessary because 
we have integrated the chiral fluctuation modes. Here, O c ^ is rewritten as 

O ch = r ^)(l + M ch ) , (3.48) 

where 

o /c- 1 ^^ 



^ch = I , T n2 " 4D4 I • (3.49) 



:*)- 1 h/^ 

Notice that /C is a normal matrix when £ sg = (see (I3.20p ). and 



a 



u _/VArfit 



(V 1 )^ \ 

K,- 1 = (fi; 1/3 fi h 2/3 ) | -$(V J ) - (fi h ) e v rf + 

- (fi h ) (e- v Ydj 



(3.50) 



where (V / ) = — dyV 1 . When £ sg ^ 0, /C becomes a differential operator matrix and /C _1 
must be understood as the Green's function for it. 

Since only even powers of M c ^ contribute to the trace, it follows that 

+ 11 I + Tr Istr {P In (1 + M ch )\ 

P_ln/Cy 

= -^-Trln/C + iTrIstr{Pln(l-M c 2 h )} 

= _ { 21nd et K + trln (l + j , (3 . 5 1) 

where Tr in the third line denotes the trace over only the functional space of y. Therefore, 
( I3.46P is calculated as 

= 2(hy /^^Tr{21ndet/C + trln(-p 2 + ^ch)} + --- 

= j ^ i gTr{21ndet/C + trln(p| + P ch )} + ---. (3.52) 
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where 

V ch = K^W^^W. (3.53) 
Similarly to the derivation of (I3.36P or ( I3.43p . this can be rewritten as 



2(2*)° p| , 
2(4-)* (f-T) „ 



r( irfrTYE''r- 2 + ---, (3.54) 



where (i^ 2 are eigenvalues of T> c h, i.e., 

^ch/ch(z/; A*ch) = A*ch/ch(y; Atch)- (3.55) 
3.3.4 Contribution from boundary actions 

Here we calculate the contributions to n^ oop from the boundary Lagrangians (I3.23p . 
The contribution from the gravitational superfields is 



^ W = wLlf dA P t 1 (fetrln^ d - Istr In ( '^f ^ (C<f } ) 
\ ) J Csc * — >o ^ y c,sc 

^^Ind^l 2 /^ 
8vr 4 p E 



ln(|0 c | 2 /^)+-- - , (3.56) 



8tt 2 

where the ellipsis denotes terms independent of the background superfields, and 



bd 



\<t> c \ 2 ^*>n 4 j-n£; 2 + (V - n*; 2 ) | . (3.57) 

Recall that our formalism respects the superconformal symmetry. Thus (I3.56P is indepen- 
dent of the background superfields because their dependences can be absorbed by rescaling 
the momentum as p\ — >■ p\j ln(|0c*| 2 h^). 

The contribution from the vector superfields is 

tl™ v = ^L- [d*p Km tr{lstrln(4^P T + 4^P c )-Istrln(Re/{SP T )} 

= - / ^f^tr {in Re /<*> + In (p| + M 2 ^) } + •••, (3.58) 
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where 



o T _ _ / . .nr.. \\ 



I Csg 



(A^) ; - -\ F ^ \4> c ? (3.59) 

and F^ IcJc is an inverse matrix of Re/j j . The first term in the second line of (I3.58P is 
independent of the background superfields because they can be absorbed by the momentum 
rescaling. Thus, ( 13 . 58[) becomes 



r(i-f 



-1 



2 > tr 4 W )' +•■-. (3.60) 



(4vr)-(f-l) 

Since the boundary Lagrangian in the chiral sector is written as 



where <p {yt) = {<f) C ,X a ), and 



(y*) 



Llw ill) ' (3 - 62) 

the contribution from the chiral superfields is 



|W ^ rln(p| + A ,,,, 



+ 



r(i-f 



■l 



2(4^)- (f-1) 
where 

= ww (3.64) 

We have dropped the first term in the first line of (13.631) at the second equality because it 
can be absorbed by the momentum rescaling. 
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3.4 Eigenvalues of differential operators 

Here we derive equations satisfied by the eigenvalues of Vp (F = U, V, ch), which appear in 
(I3.36p . (I3.43P and ( I3.54p . Since we have already integrated out the fluctuation superfields, 
we rewrite the background superfields $ and V as $ ev en and V in the following. From the 
procedure summarized in Appendix [Cj we see that $ e ven and V Ie are independent of y while 
V Ia have nontrivial ^/-dependences. As explained in Appendix IC.2t such y-dependences 
cannot be determined by the equations of motion |45j. Instead, their functional forms are 
determined when they are regarded as functions of V s defined by 

V s = s Jo V J °, (3.65) 

where sj Q are arbitrarily chosen constants [9j [10]. This has the following boundary condi- 
tions. 

V s \ y=0 = 0, lim V s = V s ee -2s 7o ReT /o . (3.66) 

As we will explicitly see in the next section, the s/ -dependences are canceled in the final 
result. 

In order to rewrite the eigenvalue equations as differential equations for V s , we rescale 
S /o as 

® & s — 7T>7T = ~^7- (3-67) 

S/ (V /0 ) dyV, 

Then, ( I3.33p . ( 13. 44ft and ( I3.55P are rewritten as 

Dufuiy s ]Hu) = Hufu(V s ; n v ), 
V v fv(V s ;nv) = Hvfv(y s ]n v ) } 
Vii>2fi2(V s ; ii ch ) = /ich/i2(K;yU C h), 

T> 2 Vj 2 i(V a ; Mch) = Atch/2i(K; Mch), (3.68) 

where 



fu{y; Hu) = f(V s (y); fiu), f v (y; fi v ) = f{V s (y); fi v ), 
' fi2(V s (y); ii ch ) 
j2i(V s (y); fi ch ) 



, , , . fi2(V s (y); fich) . 

Jch(y;/ich) = ~ /Tr . . J, (3.69) 
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and 

j_ „ f/n 4/3 
<>v /3 n 



V " h 

IK 



(PvYj - {(n^nf) ((« • *V)*A - w T ^ cvcn ) } 



ni /3 nj /3 ) ^cvcn^Ln^ - (<n h > - $ cvc n$Ln^) ^ s 



A = (^) 1/3 (O* d Vs ) , v 1 * ee ^ „ ee ^-f Jo . (3.70) 

Here, T>\ and £> 2 are (ny + n^ + n^) x (ric + n H ) and x (ny + n c + n H ) matrices, 

respectively, and the arguments of the norm function and its derivatives are (0 nvt ,t> /o ). 
As explained in Appendix IC.21 the V,- dependences of v Ia and V Ia are determined by the 
equations of motion for the background superfields. Therefore, the V^-dependences of V F 
(F = U,V,1, 2) are already known after deriving the tree-level Kahler potential. 
The boundary conditions are obtained from ( IE. 21) and ( IE. 101) as 

{A^dv.-BfAfp =0, (F = U,V,ch) (3.71) 
*> J y=y* 

where f c h = (/i 2 , hiY, A^ and B^ are defined in flE.llj) . and 

A^ ee (fi v - 1/3 fif) , ee %t \M 2 hMfa 



=(b£°) = Ur) =0, (B^M = S IoJi (3.72) 

where 770 = 1 and = — 1. We have used p 2 — fi% (F — U,V), which follows from 
the bulk equations of motion. The arguments of the norm function and its derivatives 
are understood as (0 nv , vI °\y=y*)i an d hS y *\ P^ y *\ f( y *> and their derivatives are functions 
of x a i which can be either the boundary values of the bulk superfields or 4D superfields 
localized on the boundaries. 
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Note that T>y, T>\D 2 and T> 2 T>i can be expressed in the following forms. 

/ o \ 2/3 

(^) / J = -(^) {Vydl+Ayd^+By} 1 ^ 



2/3 f /o */rt N 
Ho v ch 



V{D 2 = - ( -± ) { _ _ c£ + A 12 d Vs + B x 



^1 = -(^) {(e- V ) t ^h(e v ) t ^ i +A 21 9 Vs + B 21 }\ } (3.73) 

where matrices and Bp (F = V, 12,21) are functions of the background superfields, 
and 

V ch EE l„, c+ „ ff - ^evcnTt (3.74) 

is a projection operator that satisfies 

Pch$cvcn = 0, T^V ch = 0, Vl = V ch . (3.75) 
Hence ( 13 .68 j) is rewritten as 

{Pi2^ i +ii a 9vi+S 12 }/ 12 = 0, 
{(e- y )*P ch (e y )*4 + A 21 cV s + 5 21 } / 21 = 0, (3.76) 

where 

12 = In l ' 12 = U ^ 1 ' 

B^(/\ ° V^^VVY (3.77) 

The appearance of the projection operators Vy and V c h in (13. T6f) reflects the fact that 
the graviphoton and the compensator superfields are unphysical in the superconformal 
formulation, while that of V\ 2 stems from the fact that E 7 do not propagate in the super- 
Landau gauge £ sg = 0. 
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Solving ( I3.76P with the boundary conditions at y = (i.e., V s = 0), we can express 
f F (V s ) (F = U, V, ch) in the form of 

f F (V.)=C F (y a ;(i F )-N F , (3.78) 

where C F (V S ; fi F ) are matrices that depend on the background superfields, and N F is an in- 
tegration constant vector. (See eq. (14.71) in the next section.) Then the boundary conditions 
at y = L (i.e., V s = V s ) are rewritten as 

Q F (fi F ) -N F = 0, (F = U, V, ch) (3.79) 



where Q F (ji F ) = {sf^Af^ - l) C F 



. Due to the presence of the projection 

Vs=V s 

operators in (13.761) . the constant vectors N F (F = V, ch) belong to projected spaces PS F . 
The eigenvalues fi F are determined by the conditions that (13.791) has solutions with non- 
vanishing N F , i.e., 

T F {p. F ) = detps F Q F {ji F ) = 0, (F = U, V, ch) (3.80) 
where detps F is the determinant restricted to the projected space PSf- 

3.5 Expression of One-loop Kahler potential 

Now we obtain the desired expression of the one-loop Kahler potential by summing up the 
contributions in Sec. 13.31 

I \2 L ) y»=0,L F =V,ch 

[ftn) y 2 l) F=UjVt ch k 

where gu = —2, gv — — 1, g c h — 1/2, and fi F (F = U, V, ch) are solutions of (I3.80p . 

The first line of (I3.8ip is the contributions from the boundary actions, and is rewritten 

as 

« op = E E ^Am^Ij^-i+h^-^m^^} 

y*=0,L F =V,ch L L J J 

+0((D - A) 2 ) + ■ ■ ■ , (3.82) 



where 7 is the Euler's constant, and the matrices My y *^ and M 2 ^* 1 are defined by (13.591) 
and (13.641) . respectively. The divergence will be renormalized by local counterterms in the 
boundary Lagrangians (y* = 0,L). 
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The summation of the eigenvalues in the second line of (13.811) can be performed by the 
technique of Refs. 



MM - f CF 2™ T F {z. 



■z 



7T 



2io ^(iA) 



{D ~ 2) ra^w (3,3) 



r(i-f)r(f) Jo WW 

where the functions Tf are defined by ( 13.801) . Cf are contours that enclose the zeros of 
jFp{z), and J r F sp (z) are some analytic functions that satisfy 

-SrT = 1 + 0{z~ 1 ), (3.84) 

for Imz 3> 1. We can rescale z by a superfield-dependent factor C rs so that J^f p (,2) = 
J-^. sp (C rs z) become independent of the superfields. (See (14.141) .) 
Therefore, O^ oop is expressed as 



where J~f(z) = J-p(C Is z), and f2o and are the contributions from the boundary actions 
at y = and y = L, which are expressed in (I3.82p . This is our main result. The explicit 
forms of jFf(z), ^Fp P (z), and C rs are highly mo del- dependent, but we can easily find them 
once a model is specified. We will show their explicit forms in a specific case in the next 
section. The bulk contribution in (I3.85P also contains divergent terms. Such terms originate 
from one-loop diagrams localized on the boundaries, and should be absorbed into Qq and 
Ql- (See the next section.) 



4 Case of flat spacetime 

In this section, we consider a case where the spacetime geometry is flat and nc — 1 
as an illustrative example. Namely, the compensator multiplet is neutral for the gauge 
symmetries, and the generators have the following form, 



(4.1) 



Notice that ii contain the gauge coupling. In this case, from (1C.29j) and ( 1C.26j) in Ap- 
pendix [CJ we find 



v *o(y a ) = v T ° + 0( X 2 ), V^{V S ) = v^V s + 0( X 2 ), (4-2) 

where 



r ReT /o 2ReT 7 ° „ $"+J, /A , 

v ° = = = y = — (A 3) 



even 



Therefore, we obtain 



R) = - m f* T) + o( x 2 ), (n h > = |0d 3 + ^(x 2 ), 

s 

t> cvcn = G(x 2 ), Pch = ( ° ] + 0( X 2 ), (4.4) 

where C = ($Ln) 2/3 - 

In the following, we do not see the dependences on x a coming from the bulk hypermul- 
tiplets, for simplicity. Then (I3.76P becomes simple. 

{d 2 Vs +ry u }fu = 0, 
{Vvd 2 Vs +r 2 sf i 2 v }f v = 0, 
r^KVvYj \ ff 



0. 



{v ch d 2 Vs + v i d Vs + r y ch } ; 21 = o, (4.5) 

where v = v Io ij and 

1 o 



'^\ 1/3 _ M l '\2ReT) 
Solutions of (14. 5 p that satisfy the boundary conditions at y = are found to be 



(4.6) 



fu(V s ;fiu) = |r s /i[/ cos (r s /i[/V s ) + sin {r s fjLuV s )} Nu, 

fv(V s fj, v ) = V v |r s /iy cos {r s pL V V s ) By^AP + sin (r a //yV^)| iVy, 

/ch(K;//ch) = Pche^ {^hCOS^hK)^- 1 ^ 

+ sin (w ch K) (l - f/^- 1 ^) } iV ch , (4.7) 
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where Np (F = U, V, ch) are constant vectors, Ap and Bp are defined in (13.721) and 
(lETTTl) . and 



/0 



P C h = 



\ 



ch 



V 



/o 



[/ EE 



Pch/ 

C ch EE{r^ c 2 h Pch-f/ 2 } 1/2 



ny 



\ 



-«7 



(4.f 



Notice that TV and P c hW c h commute with i3y^ l Ay\ and 1 ^ch ' respectively, and 



P c hU>chU = Uuch, in the present case. The explicit forms of B^ 1 A^ anc ^ * ' ' 



^ch 



calculated from (IE. Ill) as 



»(o)-i AO) 



B. 



(L)-l AL) 



ch 



ch 



/o 

-G^d 

/o 

G {L) de- w ° 



-3/2 l J -n ff + 



v° 



lnn+1 — ^ch)^ 




C 






(4.9) 



where 



G (v * ] = Vch - Wg> 
Using (14. 7p . we obtain the expressions of Qf(hf) in (13. 79j) as 

Qufau) = rsVu (b^A^ - BP~ X A$) cos (rstiuV.) 



(4.10) 



(ryrfl-UWBfU' 01 + l) sin (r^V.) 



TV ^ rsW ( B^" 1 ^ 



»(0)-l j(0) 



COS 



- [r^yB^A^B^AP + l) sin ( W V S )} 

,(L)-1 A (L)MV S 



Qch(^ch) = P ch <! B^-'^e^'WchCos (u^Vj - e^'o^cos (oo ch V s ) B^A^ 



ch 



Ti^-^e^ sin (c ch y) Sf 1 ^ - sin faV.) 



(o)-i ^(0) 



-f^U^e^f/sin (c ch K) + e^f/sin (u; ch V s ) B^- 1 ^ f . (4.11 



(0)-l „(0) 
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Thus, 3Ff{i*>f) in H3.80j) are found to be 



u 



sin 




3 c 



1 1 

+ 



sin 



Hy-1 



A/" 1 / 3 



det 



/4 



rr(L)-l rr(0)-l 



3 C 



//y 



(L)-l 



chJ 



det ( e 2 sin cut ) det 



|2 



cot 



e 2 sin ut — 



/4 



Zk . rr(0)-l 
'-"ch e 2 SinWT^ch 



2 tt{L)-1 

" e 2 



Ut cos CUt 



R 



T, 



R 



LOT COS UJt + — Sill Wt I ( - 



2 

21 |0C 



sin ut 



2 rr(0)-l 
H ch 



cli 



(4.12) 



where 



n V 



AT 2 / 3 



Ref 



(2/») 



+ 



3/iy 



2 h (y*) 

K e J ( 



H. 



(y*) 

ch 



ab 

cut 



«6 



C|p(y.) 



«6 



A^ch 

^ o t /o v; = Rer^t 7o , 

1/2 



= / A/" 2/3 /i, 



2 

ch 



(4.13) 



The arguments of a/ c j c and A/" are (0 nv , 2ReT 7 °). The determinants in the expressions 
of J-yO^y) an d ^"chC/^ch) are taken over the ny-dimensional space spanned by V Ic and the 
n#-dimensional space projected by V c h, respectively. Notice that the s/ Q -dependences are 
completely canceled in (I4.12p as mentioned in Sec. 13.41 

The contributions of the bulk superfields to op are calculated from the formula f!3.85|) 
with the functions in ( I4.12p . Here we rescale the integral variable hf as fiF — > C rs fiF, where 
Crs = 1 0c | /A/" 1 / 3 . Then the analytic functions ^Fp P in f !3.85|) can be chosen as 



nv-l 



2nr 



(4.14) 
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and the bulk contribution in fl3.85[) is expressed as 



n 



Hoop _ \<Pc\ 



cff 



AT 2 / 3 



(n v - n H + l)Q 



■in" 



71 F=U,V,ch 



(4.15) 



where Q\ = — J^cfe xln(2e x sinhx) ~ 0.30, Q 2 = j °° gff? x 2 (a/1 + a; -2 - l), and 



^(A) = 1 



^2/3 ^1/3 / ! 



1 



( A/" 2 / 3 
g v (X) = det l nvc + —H^H 



A/ ' 2/3 H-W- 1 fH '- 1 J- A/ ' 1 3 f M^- 1 -i- 
~j2~ u v u v — ; — I'M " ' 'M 



A 



coth A, 



coth A 



G ch (X) = det <j 2e-^e- A sinhw r + H^' 1 e~ x sinh utH^ 1 



A 2 



A 2 



7i 



rh e A ( o>rcosha)r ^sinhwr 



+2e A I cjt cosh wt + — ^ sinh ) e 



A 2 " ch 



(0)-l 



x I det \2e ?e A sinha) r 

The argument of the norm function A/* is (0 nv . , 2ReT 7 °), and 

h 



(4.16) 



(y*) 



J C K C 



X*fH 2 



J,(2/*) 

^2/3 3A 2 /l K e Je|' 



(».: 



ch 



1 



= ; ( 4- 



«6 



iA/" 1/3 
A 



T 2 

A 2 + ^ 
4 



2\ 1/2 



(4.17) 



ab 2 

In (I4.15p . we have used dXX = du>T&T, and 

/*0O /'OO 

/ dA A In det (e*^-*) = dX Atr (& T - A) = Q 2 tr (T|) . (4.18) 
Jo Jo 

As mentioned in Sec. I3.5[ Eq.f l4.15]) contain divergent terms. The constant Q2 is diver- 
gent and will be renormalized by local counterterms. The last term in ( I4.15P also diverges 
in the presence of the boundary terms. In order to extract a finite part, we further rewrite 
it as 

I 1 |2 



n 



Hoop 
cff 



A/" 2 / 3 



— n T ^0 T7 — TT 1/ 



2/*=0,L 



I* 



A/" 2 / 3 



dA 



F=a,V,ch 

^2 9fX In 
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uf{X)uf{X) 



+ ■■• , 



(4.19) 



where 



n%*\\) = 1 + Hy*\X) = det (l + , (4.20) 



= i ^#H/ S ( - Tr 



H£(\) = det ^1 + l^-^-V« - 

Now the second line of (I4.19P is finite. Nonlocal effects such as the brane-to-brane mediation 
effects are contained in this part. We can also see that the divergent part, which is the first 
line of (I4.19p . does not depend on the parameters in £^ and those in simultaneously. 
This indicates that the divergent terms originate from one-loop diagrams localized on the 
boundaries. Thus they should be combined with fl yt (y* = 0, L) as mentioned in Sec. 13.51 
As a result, the one-loop Kahler potential is expressed as 



f4 oop (0 c ,X a ,T'°,V^ 



Q + ^l+ V ' r 



1 2 



A/" 2 / 3 



"^-y" g ' -ftE(^) 



a=l 



+ 0(x 2 ), (4.21) 



where ny — 1 and riu are the numbers of the physical vector and hypermultiplets, re- 
spectively, M = A/"((V c ,2ReT 7 °), Qi ~ 0.30, (gu,gv,9ch) = (-2,-l,±), and x = 
exp {\V Ic ii c } x- Here the generators £/ are denoted as ij o = — diag(ci/ o , c 2 / D , ■ ■ • ,c nH j o ), 
where c a i a are Z 2 -odd gauge couplings corresponding to the bulk masses for the hypermul- 
tiplets. The boundary contributions Q yf (y* = 0, L) are sum of (13.82)) and the first line 
of (14.191) . and are renormalized by local counterterms in the boundary Lagrangians . 
The renormalized value of Q2 cannot be predicted within the field theory. The last term 
in (14.211) involves the parameters both in £^ and , and becomes important when one 
of the boundary actions possesses some symmetries that are not held in the whole system. 
In such a case, terms prohibited by those symmetries are induced through loop diagrams 
involving the bulk superfields, and they are finite. The vector superfields V Ic appear only 
through Xi j us t like in the tree-level effective Lagrangian (1C.17j) . The overall dependence 
on the moduli through J\f~ 2 / 3 represents the volume suppression of the extra dimension, 
and the nontrivial dependence on them are induced through the gaugings accompanied by 
the hypermultiplet bulk masses c a i a . The bosonic component expression of fd 4 9 ^gff° P ^ s 
shown in Appendix [F] in the absence of the boundary terms. 
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5 Summary 



We derived one-loop contributions to the Kahler potential in 4D effective theory of 5D 
SUGRA on S l /Z2 with a generic form of the prepotential and arbitrary boundary-localized 
terms. Our work is regarded as an extension of Refs. [13j 1221 [23] to more general cases, 
and the result is applicable to a wide class of 5D SUGRA models, in which various isome- 
tries are gauged by arbitrary number of Z 2 -odd vector multiplets (i.e., moduli multiplets). 
The calculations are performed by means of the N — 1 superfield formalism [TQl EQ], which 
is based on the superconformal formulation of 5D SUGRA [25j-[28j. Since the off-shell 
formulation of SUGRA contains unphysical modes, such as the compensator multiplet, 
some projection operators appear in the calculations. This makes the procedure somewhat 
complicated. Especially, due to the projection operator Vv, the ordinary Kaluza-Klein 
expansion of the vector superfields V 1 cannot be performed in a way that the N — 1 su- 
perfield structure is preserved [9j H5] . Instead, corresponding procedure becomes possible 
by changing the coordinate y with V s defined in (13. 65ft . 

The one-loop effective Kahler potential ^q° p is relevant to the brane-to-brane com- 
munication of SUSY-breaking effects and the moduli stabilization by the Casimir effect. 
Our result makes it possible to discuss these issues in much wider class of 5D SUGRA 
models than ever. Although the explicit forms of J-f(z), Fp P (z) (F = U, V, ch), and C TS 
in our formula (13.851) are highly model-dependent, we can easily find them once a model 
is specified. As an illustrative example, we provided an explicit expression of fi,!g 0p in 
the case of 5D flat spacetime. In the case of a warped geometry, the expression becomes 
more complicated, and may not be expressed in an analytic form except in the Randall- 
Sundrum spacetimecj Still, we expect that some properties can be extracted by means of 
a technique used in Ref. [55] . 

The one-loop Kahler potential is also relevant to gauge symmetry breaking by the 
Wilson line phase [51]. For example, we can discuss the gauge-Higgs unification scenario 
at the grand unification scale [55]- [58] in the context of 5D SUGRA after extending our 
result to non-Abelian gauge groups. 

There are several ways to proceed. We plan to discuss the moduli stabilization and the 
SUSY-breaking mediation in 5D SUGRA models with a generic form of the prepotential 



16 As we have pointed out in Ref. |10| , we have to require a fine-tuning among the gauge couplings and 
the vacuum expectation values of the moduli in order to obtain the Randall-Sundrum spacetime when 
there are more than one moduli. 
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by making use of our result, and derive useful information for the phenomeno logical model- 
building. An extension of our result to higher- dimensional SUGRA is another direction 
for future works. Notice that an N = 1 superfield description of the action should be exist 
although such theories do not have a full off-shell formulation. Since our derivation in 
this paper is systematic, it can easily be extended to higher-dimensional SUGRA once we 
obtain the N — 1 superfield description. 
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A Superconformal transformations 

Here we list the 5D superconformal transformation laws expressed in terms of the N — 1 
superfields. For the purpose of constructing the action up to linear in the gravitational 
superfields, it is enough to keep the transformations at the zeroth order in them. 
The N = 1 part 5^ is given by 

odd = {--D 2 L a D a - iarD«L a d, - l -D 2 D a L}j $ odd , 

eleven = ^~D 2 L a D a - io^D" L" d » - ^D 2 D a L^\ $even, 

S&V = (-\D*L a D a - % -arD*L«d, + h.c.) V, 
*£>E = (-±&L°D a -i<&D*L°d^ S, 
SgU" = \ar {D^L a - D a L a ) , = -d y L a , = 0, 

€ ] Ve = (~\D 2 L a D a - l -a^D«L«d, + ^D 2 D a L a + h.c.) V E , (A.1) 
where a complex spinor superfield L a is the transformation parameter. The remaining 
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(2) 

transformations 5sc are given by 



Cloven = ^T^even + -J) 2 {AV$ odd } , 



& = d y (^) - ^D 2 (D«ND a e v e- v 
6®U» = 0, € ] V E = ld y (Y + Y), 

= ^W, &y = (A.2) 
where a chiral and real superfields Y and N are the transformation parameters, and 



N = N - l - (V - Y) . (A.3) 



The components of L a , 



e = - Re {ia^D«L a ) \ Q , e a = --D 2 L a \ a 



^ D = Re I -D a D 2 L a 



# A = Im | -^ a 5 2 L t 



4 

o' r ~ " V I 
1 
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77 Q = -J-DlDXlo, (A.4) 





where the symbol |o denotes the lowest component of the superfield, are identified with 
the transformation parameters for the translation P, the supersymmetry Q, the Lorentz 
transformation M, the dilatation D, the R symmetry U(1)a and the conformal super- 
symmetry S, respectively. The components of Y and N are identified with the other 
transformation parameters that are Z 2 -odd |30j . 

In order to determine the kinetic terms for the gravitational superfields C^, we need 
to extend the above transformations including linear order terms in the gravitational su- 
perfields. Since C k -£ is independent of the quantum fluctuation of the matter superfields, 
it is enough to focus on the background parts of the matter superfields in the extended 
parts of Ssl^ and 8$ ■ We find the £7^- dependent part in the transformations as follows. 
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The Ssl^ does not receive any corrections at this order, but 5$ is modified as 
4 2) $odd = | (j A,U» - Yd^j ((e- v y^)\ +■■■, 

C^even = ~& I - Yd,U^ <e^ odd ) 1 + • • • , 

8$V = -^^ y(Ef) ~f (Ef) + • • • , (A.5) 

where the ellipses denote terms shown in (IA.2I) . The other transformations are unchanged 
up to this order. Here we have considered in the Abelian case, for simplicity. Requiring 
the invariance of the action under this modified transformation, we can determine as 



B Projectors in superspace 

The chiral and anti-chiral projection operators are defined as [10 



D 2 D 2 D 2 D 2 

P + EE , P_ EE . B.l 

+ 16D 4 16D 4 V ; 
We can divide a vector superfield V into a chiral and a transverse parts by the following 
projectors. 

D a D 2 D 

P C = P + + P„, P T = ^±. (B.2) 

These satisfy 

P T + P C = 1, Pl = P T , Pc = Pc, P T P c = P c P T = 0. (B.3) 

Similarly, the gravitational superfield U^ 1 can be divided by the following superspin 
projectors as <g£9§ [231 SSI [50] . 

n?; 2 ee ±qt + nf p t + Inf p c , 
nf ee nf p c , 

nf 2 ee -Icr + ^p r - + |nf p c , (b.4) 



where 



= i „ „ gyD^p^j 

I^ = rr-^- } nf = ^-. (B.5) 
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These projectors satisfy 

11 -|- 11^ -|- ll± -|- 11 3 ^ 2 — '/ , 

rrf n r / = 5 rs nr, (b.6) 

where r, s = 0, 1/2, 1, 3/2, and 

3X" = <W; 2 = ^p t , a M nf = ^n^ 2 = o. (b.7) 

Furthermore, satisfies 

q w q p v = or (-4P C + 3) , 

q^p c = p c q^ = -nfp c = -nr, 

^Q^Pr = d,P T Q^. (B.8) 
The supertrace integrand Istr in (13.81) satisfies the following relations. 

Istr 1 = 0, Istr (P 2 P 2 ) = Istr (P 2 P 2 ) = Istr (D a D 2 D a ) = 16, (B.9) 

and thus, 

IstrP ± = Istr P T = IstrQ"" = tr ( j = -|- 



□ 4 ' * n 4 ' ~" " " V Q 4'' 7 n 4 ' 

2 4 fi 



istrnr = -^, btrn^ = — , IstrBf = - — , btrn^ = — . (B.10) 
C Tree-level effective action 

In this section, we briefly review the derivation of the 4D effective action at tree level. We 
have developed a systematic method to derive it in Ref. [33]. Explicit calculations in the 
flat and the warped spacetimes are performed in Refs. [9j [TO] . 

The basic strategy is as follows. First, we drop the kinetic terms for Z 2 -odd superfields 
because they do not have zero-modes that are dynamical below the compactification scale. 
Then the Z 2 -odd superfields play a role of Lagrange multipliers, and their equations of 
motion extract zero-modes from the Z2-even superfields. 

Since we are interested in the 4D effective action for the matter superfields, we neglect 
the gravitational superfields in this section. Namely, the 5D Lagrangian (12. 24ft reduces to 

C = -Jd 4 9 aA/^V) {$i dd rf(e y )^odd + $Ln^- y $ CVC n} 2/3 

!d 2 9 {2$* dd d(9,-E)$ even + W v }+h.c. +2 £ (C.l) 



+ 



V*=0,L 



where we have performed the partial integral. 
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C.l Gauge kinetic functions and superpotential 

First, we divide V into the Z 2 -odd part V Q and the Z 2 -even part V e as 

e V = e V e /2 e V 0e V e /2_ (C 2) 

Before dropping the kinetic terms for the Z 2 -odd superfields, we eliminate S from the bulk 
action by means of the supergauge transformation (12. 7\\ with the transformation parameter, 

r rv 

-A(tf) 



e- A ^ = exp{-A s (y)} = Pexp |jf <V E(y') j , (C3) 

where P denotes the path-ordering operator. Namely, this is a solution to d y e~ A = £e~ A . 
Although the Z 2 -odd superfields S /o are completely gauged away, the zero-modes of the 
Z 2 -even superfields £ /o remain in the theory as we will explain below. We define 4D 
superfields T and S as 

-L 

,S„T 



e e = lim exp {—As (?/)} = "Pcxp < / dy ^(y) 







T = ^TH 7o , 5=53^/., (C.4) 

where ij = 2zyt/ are hermitian generators, and the limits are taken from the bulk re- 
gion (0 < y < L). Then, the gauge-transformed vector superfields have the following 
boundary conditions. 

Hme v =(e*) , lim e v = e^e' 3 ( e v °) e~ s ' e~ Tl . (C.5) 

y^O V / y=Q y^L \ J y=L 

where V' e and V denote the vector superfields before the gauge transformation by fl0.3[) . 

Since V e corresponds to the gauge superfield for the 4D unbroken gauge group, it should 
vanish in Af^iV) in (jClj) because there is no corresponding term in 4D gauge theories. 



This implies that 

dyV e = 0. (C.6) 

Then, Af(V) reduces to 

jV(V) =AT(e v °d y e- v °) , (C.7) 
and the boundary conditions for V Q in (1C.5|) becomes 



V o \ y=0 = 0, lim V = V = -T - ft + I [V e ,T- Tt] + • • ■ , (Ci 
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where V is defined so that e T e Ve e^°e Ve e T belongs to the unbroken gauge group. Notice 
that V is discontinuous at y = L since it is Z2-odd. This discontinuity stems from the 
discontinuous gauge transformation (1C.3j) . (See (1C.12I) .) 

Now we impose constraints D a V Ia = to drop the kinetic terms for V Ia . To illustrate 
the procedure of deriving the gauge kinetic functions in ( IC.llj) . we consider a case that the 
gauge group is Abelian. Then, since £ has been gauged away, W v becomes 



°" tr \ ±D 2 (d y V D"V e ) W CQ } - ^- 3 d y t. {A s W e 2 } 



lQg 3 

^.3 



1 = 



d y tr i -D (V D a V e ) W ea - A S W C 2 



A8g 3 y " [A' 

where we have used (10. 6|) at the second equality, and 



W ea = ^D 2 (e v °D a e- v °) = --D 2 D a V c . 



(C.9) 



(CIO) 



We have also used that tr ({t/ ,tj c } £#„) = 0. (See the footnote [TT]) The last term in the 
first line of ( IC.9j) is induced by the supergauge transformation with A s . Thus, 



dy{ d 2 6W v + h.c. 



48g 3 

c 3 
16g 3 

c 3 
16g 3 



d A e 



tr 



-2V a - A s - At I D a V e W ( 



) D a V c W ca } 



d 4 9 tr {(T + T f ) D a V c W ca ] 
d 2 9 tr (TW 2 ) +h.c. 



(C.ll) 



We have performed the partial integrals, used the relations d 2 6 = — jD 2 , D a W ca = L^W", 
^(iiJjJ Ke ) = 0, and 



lim As = — S, lim V Q = 0, 

y— >0 y—>0 

lim A s = —T — S, lim V a — —T — T f . 

y^L 



(C.12) 



The expression (1C.11I) is also valid in the non-Abelian case. In fact, it is invariant under 
the unbroken 4D gauge transformation^ 



T e Ao Te 



Aot^-Ao e V c _s, e Ao e Vc e Al 



(C.13) 



where A = ^ 7 Aq c £/ c is y-independent. 
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This gauge transformation preserves the gauge in which £ = 0. 
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Next we drop the kinetic terms for $ dd in the first line of (1C.1I) . Then, from the 
equation of motion for $ dd, we obtain 

fySeven = 0, (C.14) 

which means that $ e ven is ^-independent for < y < L. 

Recall that the gauge transformation parameter e As is discontinuous at y = L, 

e As \ y=L = e~ s , lim e As = e~ T e~ s , (C.15) 



y-*L 



since the Z 2 -odd generators tj a vanish therein Hence, the boundary values of $ evC n and 

,(L) 



e Vc that appear in Cr) are related to their bulk values as 



^even | y=L ^ ^even j 



V e \ y =L = V™ = ^ (e T e v ^e v ^e Tt ) = V e - ± [T, I*] + ■ ■ ■ , (C.16) 

where $ ev en and V e in the left-hand side denote the values in the bulk (0 < y < L). 
Therefore, we obtain the expression of the 4D effective Lagrangian, 

-L i- r L 



- even 



2/3 



C cS = J^dy£ = -Jd 4 8 J dy 3A/" 1/3 (e v °d y e- v °) ($l e Je- v °$ e 
+ [Jd 2 ^tr (TW C 2 ) + h.c. 

+4°J (e- y % $ cvcn ) + 4d } (e~ v ' L) , e T $ cvcn ) , (C.17) 

where $ ev en = e Vc ^ 2 ^ even is independent of y. From this expression, we can read off the 
gauge kinetic functions and the superpotential in the effective theory. 

C.2 Kahler potential 

In (IC.17I) . the only ^-dependent superfield is V Q . Since we have dropped its kinetic term, 
we can integrate it out by using its equation of motion. 

In the following derivation, we focus on a subset of {V Io ti a }, in which every generator 
commutes with each other. We also consider a single compensator case (nc = 1), and the 
generators have the following form. 

h — I j (C 18) 



18 Note that tj include the ^2-odd gauge couplings. 
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where ij o are nn X tie matrices. Then the effective Kahler potential f2 e ff = — 3e Xcff / 3 at 
tree level is rewritten as 

/ \ 2/3 

dy 3 |0 c | 2 ^/3 ( _^ K)e 2 fc .y ^ _ x t e -Vo x j f (c . 19) 
where ■ V = ki o V lQ , and 

even / 

Then, from the equation of motion for V Ia , we obtain 

]*. gk) + ^ + ^gggf } (*V)\ = 0, (C.21) 

the arguments of the norm function and its derivative are (0 nv —d y V ), and the projection 
operator {V v )\ is defined by (ET2I1) . The presence of (Vv) J J indicates that the number 
of independent equations is less than that of V Ia . Thus we cannot solve V 1 " as functions 
of y. Hence we need another method to integrate them out. 
Let us define 

V a = s Io V^, = (C.22) 

where sj o are arbitrarily chosen constants, and V s satisfies the boundary conditions, 

lim V a = 0, lim V s = V s = -2s 7o ReT 7 °. (C.23) 

y^>0 y^L 



Then ( 1C.21I) is rewritten as 



d y v J °a JoKo (v) + ( 3k Ko + f^e-^x ' ^ ^ (7V) *° (v) = °' (C ' 24) 



From flC.221) . v Ia satisfies s Io v Ia = 1, and thus, s Io (dv Io /dV s ) = 0. Therefore, flC.241) is 



rewritten as 



^ = g^(v) (3k Jo + ? e ~ V ° ij f ] , (C.25) 
dV s y 1 - x*e~ Vo X J 

where Q IoJ ° = — ($ Io Ko — v Io sk ) a K ° Jo . Notice that these equations are solvable in contrast 
to ( 1C.21I) . Once v Io (V s ) are obtained, V Ia are also expressed as functions of V s through 

V Io = fdy' d y V Ia = fdy' v Io d y V s = I V s V°(y s '). (C.26) 
Jo Jo Jo 
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In the limit of y — > L, this becomes 



-2ReT /o = / dV s v T °(V s ), (C.27) 



o 



which determines the integral constants for solutions of (IC.25I) . Therefore, can be 
calculated as an integral for V s , instead of y. 

Q*~> = pdV s 3 \<t> c \ 2 M l ^{v{V s ))e 2k - y ^ (l - ^ 4 ^x) 2/3 . (C.28) 

We can solve (1C.25I) order by order in the matter chiral superfields \ a . Here we consider 
a case of kj a = 0, which means that the background 5D spacetime is flato In this case, 
we find that 

v^{V s ) = v 1 * - X W° J °(v)v-i L-*v- - (Rer) "" 1( 2 e2ReT ~ 1) j i Jo X + 0{ X % (C.29) 
where 

^' = 7^' " S E^- ReT^^(ReT^ Jo . (C.30) 
Since ti a commute with each other, they can be diagonalized simultaneously 

Ui^U- 1 = -diag(c Uo ,c 2 / , • • ■ ,c nilIo ), \ = Ux- (C.31) 
After some calculations, we obtain [§J HO] 



= I0d 2 



a^ 1/3 {-3 + J2 2Y (c a ■ ReT) \r\ 2 + \r\ 2 \x b \ 2 + 0(\ X f)\ , 

(. a a,b ) 



-2x 



where Y(x) = — | — , and 



20 



(C.32) 



fl (4) (c a • Vya" 1 • c b ) {Y((c a + c b ) - ReT) - y(c a ■ ReT)Y(c b ■ ReT)} 
ab ~ (c a -ReT)(c b -ReT) 

+ Y(( Ca + c^ReT)_ (C33) 

The arguments of Af and TV are (0 nv , 2ReT 7 °). Notice that the s/ -dependences are 
caancelled in the final result (IC32[) . 



19 We calculated fi* r ff ee in the case of k Io 7^ in Ref. [ID]. 

20 The definitions of the moduli T /o and the gauge couplings c a (a = 1, • • ■ , njj) are different from those 
of Ref. [91 [10] by a factor 2. 
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D Quadratic terms for fluctuation superfields 

Here we show the detailed derivation of the quadratic terms for the fluctuation super- 
fields ( 13391) . 

D.l Gravitational sector 

Notice that ty a appears in the action only through D^f a and its derivatives. Thus we 
define the following two real superfields, 

V+ = \<a ( D ^ a + D °^) , V - = \<a {D^ a - D a V & ) , (D.l) 
to describe the degree of freedom for Since 

e 2 = -u,n 4 (u^ 2 - j^rcj u v , (d.2) 

up to total derivatives, we can expand the integrand in (I2.24p as 

n^nf) e 2 - (k 1/3 < /3 ) (c% + d^dA) - 3 (1 + ^f^j n^nf 
^y 3 ^ /3 ) iu% /2 (n 4 + Vu) u 3/2 , - hjgnjj^ 

-3d y U»A^V T + f^A M (v v + V h ) + ■ • • } , (D.3) 

where we have performed the partial integrals, and T, Vf, V y and Vh are defined in (13.121) . 
Since V± do not have kinetic terms, they are integrated out as 

K = ($) a " VT - v - = ~ 2a "°' + (fp a " Vt - (d ' 4) 

After eliminating V±, the 5D Lagrangian becomes 



c= d 4 e (n}/ 3 nl /3 



2 / n 4/3 

, u , -u^ /2 (n 4 + v u )u 3/2 , + -u^D i u , + ( K ^^d y u^d y u fl 



Adding the gauge- fixing term (|3.10p . the cross terms between and the other superfields 
are canceled, and we obtain (13.131) . 
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D.2 Matter sector 



Since we have moved to the gauge where S = by the supergauge transformation for 
the background superfields, W v in (12.121) is rewritten in terms of the gauge-transformed 
superfields as 



where 



C 3 (~~.o 1 „ _~,\ .r. 1 C 3 



W EE - / V Sfo'). 
'0 



d y tv A S W 2 , (D.6) 



(D.7) 



Note that V /o and have nontrivial boundary conditions at y = L (see (1C.12j) ). The 
quadratic terms for V are read off as 

d 2 9 W v + h.c. 



d 4 9 



c 



16# 3 

,3 



tr <J — ( Vd v D a V - d y VD a V ) D D a V + h.c. 



„3 



+ 



c 



16# 3 

„3 



4 



d 4 



tr 

tr ( 0„ V \ / ' t 

V L U±P T V J + 



+ 



(D.8) 



where we have dropped total derivatives, and used (IC.12I) . Combining this with the last 
term in (13.131) . we find the kinetic terms for V as ( 13.15D . 

Next we consider kinetic terms for the chiral superfields. We can expand Qy 3 $l^ 3 as 



6jV 



{dyV'dyV 3 -2 (t+Y^J 1 dyV J + (t + (t + ^ 



didjVL Y _ 



3Q h 



K + r + r) +( )v T v J + ^v I (r\$ cvcn + h. c . 



®oddd(e v ) $ odd + <f> cvcn cfe v $ c 

+ ••• 



3(a) 

+ (k + t + t) [v h + $ c + ®c 



^ (v h + i>c + 2 



(D.9) 
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Thus the cross terms between V and the chiral superfields are 



Across = Jd A 6 V 1 (Sj + Sj) 



(D.10) 



where 



s, = d y {2 (nl /3 nl /3 ) (a ■ v v ),jt J ] 



2 /Q h \ 2/3 



3 \ a 



2 (oy s Qf ) T} (l 



$even. (D.ll) 



Adding the gauge- fixing term ( 13. 17ft . these cross terms are canceled, and we obtain 



Jd l V' (f! v ) o„n 4 (p t + ^-PcJ V J - d y {((l^df } (a ■ Vv)ud,V J } 



-d v \ (aptip) §r^v' 



2(a-P y )/jS i S 



$i dd d(e v ) t $odd 



even 1 (fi h ) 3 i cvcn V 3JV even 



+ 



d 2 e l¥ odd dd y <s> eveD - $Ln^$odd - 2$ odd rfS$J + h.C. 



+ 



(D.12) 



From (I3.13p . (ID.8[) and (lD.12j) . the quadratic terms for the fluctuation superfields in the 
bulk Lagrangian are summarized as (I3.19p . 



E Boundary conditions for bulk fluctuation modes 



Here we derive the boundary conditions for the fluctuation modes of the bulk superfields, 
which are determined by the orbifold parities and the boundary actions. 

First, let us consider the boundary conditions of and V 1 . Since we have chosen the 
gauge £ sc = £ sg = Csc*' > = Csg = 0, only the transverse modes of If 1 and V 1 (i.e., U£, 2 and 
Vrf = PtV 1 ) can propagateo From (I3.19P and (I3.23j) . the equations of motion for them 

21 In fact, Uy 2 and V[ are gauge-invariant under 5^ and 8 SS , respectively. 
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arc 



I y*=Q,L J 

(n v )a IK {-5 K jP 2 + (V v ) K j}V^ 

-2 S (V ~ V*) ( Re + I \<t>c\ 2 htl) V? = 0. (E.l) 

By integrating these over infinitesimal intervals [y* — e, ?/* + e] (y* = 0, L), we obtain 

+ Vy Jcf> c \ 2 h^p 2 U» /2 =0, 



o. 



y=y*+Vy*£ 



+ %* (Kefb!p 2 + h<Pc\ 2 htl)v T J * 



y=y* 



y=y*+v v *£ 

where = 0, L, r] = 1 and 77^ = —1, and we have used that 

A/>. = 0, (a-Py) /cJc = a /eJe , (a ■ P y ) /cJo = 0, 



(E.2) 



(E.3) 



which follow from the fact that V Ic are independent of y. (See Appendix O) 

Next we derive the boundary conditions for the chiral superfields. Since <pc an d some 
of x a are expressed in terms of $ eV en as 







xi \-ri<t>T i/^ 2,<1>,v '" + c)(,i) 



2 ) 

even / ' 



(E.4) 



the boundary Lagrangians (13.231) are rewritten as 



'"bd 



ld*6 2l>t ven /C^ ) $ even + 



d'O $Ln^r^even + h. 



+ • 



(E.5) 



where 



'Hd — 



2 |0 



<t>c\[ -ht^-l^ 



(y*) 

ab 



ir, 



(2/.) 



bd 



1 ( P^ ] X c X d - ±Pt ] X c + lP M -Pt ] X c + 2P fe (y * r 



P (y*) 



(E.6) 



2 \ -pt ] x c + 2Pr ] 

Thus the equations of motion for the chiral superfields are read off from (13 . 1 9[) and flE.5j) 



as 



I/CL>V + ^+ E {-^bd^^even + ^^even} 



2%- j/,) = 0. (E.7) 
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By integrating this over [y* — e, y* + e], we obtain 



y=y*+rjy„e 



1 



^*H>d '' vrl1 1 I" I 



(2/*); 



even \ ' • bd ^even 



0. 



(E.8) 



Multiplying ( IE. 71) by /C 1 from the left and taking limits y — » y* from the fundamental 
region < y < L, we also obtain 



1 „~, J (a /J t j - (V 1 ) d y ) - 
--D E S — X . 1 yJ $ odd 

4 /^y 3 ^ 



1 



-- J D 2 $odd + 



4" " odd ' \a 



0. 



0. 



(E.9) 



y=V*+Vy*e 

If we denote an eigenvalue of the differential operator /C -1 jy as yU c h, the equation of mo- 
tion in the bulk can be expressed as \D 2 tp = K~ l W(p = /i c h<^- Hence the boundary 
conditions flE.8j) and flE.9j) are rewritten as 



Ur^+^rv} =o 

J y=y*+v v * e 



(E.10) 



where 



/ 



-^ch — 






%\ 1/3 e -v 



B. 



(».) 

ch 





\-\&) 1/3 ^« 








y=y*+Vv* e 




l/3 n 2/3 



^bd Vch - ^bTJ l nc+nH Tfod 

/^chlnc+ra^j y 



(E.ll) 



y=y*+v y *£ 



F Bosonic component expression of one-loop action 

Here we provide an explicit expression of the one-loop Lagrangian in terms of the bosonic 
components in a simple case where 5D spacetime is flat and the boundary terms are absent. 
In this case, the one-loop Kahler potential (14.211) is reduced to 



n 



Hoop _ \vc\ 

eff - ^2/3 



Qi-Q 2 ^(c a -ReT) 3 l+0(x 2 ), 



(F.l) 
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where Q\ = (ny — nn + l)<5i/(8vr 2 ), and c a ■ ReT = c a / o ReT /o . Thus the one-loop 
Lagrangian is written as 

A lloop £ = j d i Q Q Uoop + _ 

= {\F<t>c\ 2 + {F^Ftio^cL^Io + h.c.) + F T i F T .i \(p c \ 2 Lfi oTJo } 

+0{F x ,D VIe ) + --. , (F.2) 

where F v ((p = ^ c ,x,T ; °) and D v i c denote the F-component of a superfield ip and the 
.D-component of V Ic respectively, and 

a 

~ W I ^ " g2 ^ (Ca ■ ReT)3 | " IT £ ^ • ReT ) 2 



■>T Ia T J ° 



^ wi -g 2 2^(ca-Rer) i 



+ Jf E ^ " ReT ) 2 + ^oCalo) - Q 2 ^ • ReT ) C ^CaJ - (F-3) 

a a 

Here the arguments of M and its derivatives are (0 nVe ,2ReT 7 °), and C and T Ia denote 
the lowest components of the corresponding superfields. 
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